Although the clinical use of recombinant adeno-associated virus (rAAV) vectors is constantly increasing, the development of suitable quality control methods is still needed for accurate vector characterization. Among the quality criteria, the titration of infectious particles is critical to determine vector efficacy. Different methods have been developed for the measurement of rAAV infectivity in vitro, based on detection of vector genome replication in trans-complementing cells infected with adenovirus, detection of transgene expression in permissive cells, or simply detection of intracellular vector genomes following the infection of indicator cells. In the present study, we have compared these methods for the titration of infectious rAAV8 vector particles, and, to assess their ability to discriminate infectious and non-infectious rAAV serotype 8 particles, we have generated a VP1-defective AAV8-GFP vector. Since VP1 is required to enter the cell nucleus, the lack of VP1 should drastically reduce the infectivity of rAAV particles. The AAV8 reference standard material was used as a positive control. Our results demonstrated that methods based on measurement of rAAV biological activity (i.e., vector genome replication or transgene expression) were able to accurately discriminate infectious versus non-infectious particles, whereas methods simply measuring intracellular vector genomes were not. Several cell fractionation protocols were tested in an attempt to specifically measure vector genomes that had reached the nucleus, but genomes from wild-type and VP1defective AAV8 particles were equally detected in the nuclear fraction by qPCR. These data highlight the importance of using suitable controls, including a negative control, for the development of biological assays such as infectious unit titration.
INTRODUCTION
Adeno-associated viruses (AAVs) were discovered in electron micrographs as contamination in adenovirus preparations, and soon became the subject of interest of scientists around the world. 1 Over 50 years later, the interest in AAV as a vector in gene therapy continues to grow. The AAV belongs to the parvovirus family, specifically the dependoparvovirus subfamily. The members of this subfamily require a helper virus, such as the adenovirus (Ad) or herpes simplex virus (HSV), to facilitate productive infection and replication.
Although it is estimated that 90% of the human population is AAV seropositive, 2,3 these viruses do not cause any known disease in humans, being an important safety criterion for their use in gene therapy approaches.
Clinical trials using recombinant AAV (rAAV) vectors have shown impressive results for Leber congenital amaurosis, 4 hemophilia B, 5 spinal muscular atrophy (ClinicalTrials.gov: NCT02122952), and other diseases. The first commercial product based on rAAV was approved in 2012 by the European Medicine Agency for the treatment of lipoprotein lipase deficiency, and a second drug could be approved soon according to positive results of a phase III trial. 4 Nonetheless, a major bottleneck to commercialize these products is the manufacturing of rAAV in accordance with current good manufacturing practices (cGMPs) on a large scale. Production of rAAV in human cells (HEK293) transiently transfected with plasmids is probably the most common approach, 6 but the use of insect cells and baculoviruses is highly convenient for industrial manufacturing. 7 Other viable approaches consist of using a recombinant HSV complementation system in suspension-cultured mammalian cells (BHK21 or HEK293) 8, 9 or mammalian-derived producer cell lines containing the rep and cap genes and the AAV vector integrated into the genome. In the latter case, the amplification of the rAAVs is initiated upon infection by a helper virus, such as Ad. 10, 11 Given that quality attributes of rAAV stocks could be different depending on the manufacturing platform, it is highly important to have accurate analytical methods for their characterization, as emphasized by the FDA. 12 Among the quality attributes, the infectious titer is critical to ensure the efficacy of the product.
AAV infection does not result in cytopathic effect, and, therefore, plaque assays cannot be used to determine infectious titers; but, in the presence of a helper virus, it is possible to induce the replication of AAV genomes and measure infectious events. One of the most widely used methods to titer infectious units is the median tissue culture infective dose (TCID 50 ); the assay utilizes an HeLa-derived AAV2 rep and cap-expressing cell line, grown in 96-well plates and infected with replicate 10-fold serial dilutions of AAV vector in the presence of Ad type 5. After infection, vector genome replication is determined by qPCR. 13 Similarly, the infectious center assay (ICA) uses HeLa rep-cap cells and Ad, but, after incubation, cells are transferred to a membrane and infectious centers (representing individual infected cells) are detected by hybridization with a labeled probe complementary to a portion of the recombinant genome. [14] [15] [16] In this study, we compared these titration methods using rAAV serotype 8 vectors. In particular, we produced and characterized a VP1-defective AAV8-GFP vector that was used to mimic a non-infectious rAAV vector. [17] [18] [19] This non-infectious vector lot allowed us to assess the ability of the different methods to discriminate between infectious and non-infectious rAAV serotype 8 vectors.
In addition, another objective of our study was to develop a new protocol for the titration of infectious AAV vector particles using sensitive qPCR-based quantification of intracellular or intranuclear vector genomes following the transduction of a permissive cell line, without helper virus co-infection. Such a procedure could be very useful for the titration of any AAV serotype, including those that do not infect standard cell lines such as HeLa rep-cap cells. Ideally, the protocol could be adapted to any type of cultured cells, including differentiated cells mimicking a targeted tissue, and it could result in infectious titers more predictive of in vivo vector efficiency.
Our results demonstrated that ICA was the most selective method to discriminate between infectious AAV8 particles and AAV8DVP1 negative control and correlated with vector-encoded transgene expression. Moreover, all methods tested for cytoplasm and nuclei fractionation of infected cells and measure of AAV genomes failed to distinguish infectious AAV8 and VP1-deficient particles. These data highlight the need for using appropriate biological assays to accurately measure the infectivity of rAAV stocks and the importance of including relevant controls in testing protocols.
RESULTS

Production and Characterization of a VP1-Defective AAV8 Vector
The aim of the present study was to evaluate the accuracy of different methods for the titration of rAAV infectious particles; thus, we decided to generate a non-infectious AAV vector for use as a negative control. To this end, the ATG initiation codon of VP1 was changed to a stop (TGA) codon in the pKO-R2C8 packaging plasmid encoding AAV2 Rep and AAV8 capsid proteins. This mutated (pKO-R2C8DVP1) plasmid was co-transfected in HEK293 cells with pAdDF6 helper and pTR-UF11 vector plasmids to produce an AAV8-GFP vector lacking VP1. The AAV8-GFP control vector was produced in parallel using the original pKO-R2C8 plasmid to get an infectious vector produced by the same method (i.e., three-plasmid transfection). Preliminary testing of AAV8DVP1 production demonstrated not only that vector genome packaging actually occurred into VP2 and VP3 particles but also that vector genome (VG) titers were reduced compared to a vector with wild-type AAV8 capsid composed of VP1, VP2, and VP3 polypeptides (data not shown). Thus, AAV8DVP1-GFP vector stock was produced through transfection of three CellStack-5 chambers (CS5), whereas a single CS5 was used for the control AAV8-GFP vector with wild-type capsid, but both vectors were then processed identically. This resulted in an AAV8DVP1-GFP vector stock with a higher VG titer (3.3 Â 10 13 and 2.4 Â 10 13 VG/mL based on bGH and SV40 polyA sequences, respectively) than the AAV8-GFP control vector stock (8.8 Â 10 12 and 8.8 Â 10 12 VG/mL based on bGH and SV40 polyA sequences, respectively), following purification through CsCl gradients (Table 1) .
Total AAV8 capsid titers were determined by ELISA for the calculation of total:full particle ratio from CsCl-purified preparations, indicative of vector quality (Table 1) . For vectors with wild-type AAV8 capsid, ELISA (total particles) and qPCR (full, recombinant genome-containing particles) titers were basically the same, indicating that they essentially contained particles with encapsidated VG, similar to the rAAV8RSM. 20 In contrast, the AAV8DVP1-GFP vector stock contained 3-fold more total particles than VG-containing particles, i.e., two-thirds of the particles with no (empty) or illegitimate (non-vector) DNA encapsidated. Thus, although rAAV-UF11 VGs were actually encapsidated into VP2 and VP3 particles, the absence of VP1 apparently resulted in an apparent lower packaging efficiency. However, we cannot exclude that this result was not due to an ELISA quantification bias. Indeed, the ADK8 antibody used in the ELISA has its conformational epitope localized in VP3, 21 and it may be more accessible in VP1-deleted capsid than in the wildtype AAV8 capsid, thus resulting in a higher ELISA signal.
SDS-PAGE analysis of vector preparations showed that all AAV8-GFP vectors had similar purity, ranging from 91% for AAV8DVP1-GFP to 96% for internal control 1 (IC1), as determined by optical density scanning of Coomassie blue-stained gels (Figure 1A) . It also showed the complete absence of VP1 in AAV8DVP1-GFP preparation, which was further confirmed by western blot analysis with anti-VP1/2/3 antibody B1 ( Figure 1B , lane 4). 22 As an additional quality control, particle size was measured in AAV8-GFP control and AAV8DVP1-GFP vector preparations by dynamic light scattering (DLS) ( Figure S2 ). The results showed that both vector preparations had a very similar particle size distribution (24.57 ± 7.02 and 24.33 ± 7.38 nm, respectively), and they were quite homogeneous with no detectable particle aggregates (Table S2 ). AAV8-GFP control and AAV8DVP1-GFP vectors were also analyzed by differential scanning fluorimetry (DSF), and they were shown to have similar thermal stability with a melting temperature (Tm) of $70.5 C. 23 These data indicated that the absence of VP1 had no major impact on AAV8 particle size and capsid stability in Dubelcco's phosphate buffer saline (DPBS).
Analysis of AAV8 Vector Intracellular Trafficking
To further characterize the AAV8DVP1 vector, we analyzed AAV8 particle intracellular trafficking in HeLa cells infected with AAV8DVP1-GFP or AAV8-GFP control vector. To this end, HeLa cells were infected at an MOI of 20,000 VG/cell during 1, 5, or 16 hr, intracellular AAV8 particles were labeled with ADK8 antibody that specifically recognizes assembled AAV8 capsids 24 and Alexa Fluor 555 secondary antibody, and nuclei were stained with DraQ5 fluorescent dye. Confocal microscopy images ( Figure 2A ) were then analyzed, using the compartmentalization task of Volocity software, for counting viral capsids according to their localization. Intranuclear particles were counted using the "inside" class (full colocalization with DraQ5 staining), perinuclear particles were calculated as the difference between "overlapping" (full or partial colocalization with DraQ5) and "inside" classes, and cytoplasmic particles were the difference between "nearest by edge" (no colocalization with DraQ5) and "overlapping" classes. The results indicated that assembled AAV8 particles entered the cytoplasm and then accumulated in the nucleus over time, the ratio of perinuclearly localized particles remaining constant ( Figure 2B ), as already described for AAV2. 19, 25 In contrast, AAV8DVP1 particles were not actively entering the nucleus, as expected, and rather accumulated in the perinuclear region ( Figure 2B ). About 10% of intracellular AAV8DVP1 particles were detected within the nucleus, which may represent the background of the method, possibly due to a technical artifact, but not to non-specific antibody binding, since no signal was detected in non-infected HeLa cells. Since HeLa cells were dividing, we hypothesized that intracellular AAV8DVP1 particles were able to enter the nucleus during cell division, when the nuclear membrane was disrupted. When comparing AAV8 and AAV8DVP1 particle distribution by a two-tailed Mann-Whitney test, a significant difference was found at 5 hr post-infection (p = 0.0001) for intranuclear capsids, and at 16 hr post-infection for both intranuclear (p < 0.0001) and perinuclear (p = 0.0028) capsids. Overall, this analysis clearly confirmed that intracellular trafficking of AAV8 particles was altered in the absence of VP1, resulting in poor or absent nuclear translocation.
Titration of Infectious AAV8 Particles through the Detection of VG Replication
One method that is largely used to quantify infectious AAV vectors consists in infecting trans-complementing cells that have stably integrated AAV2 rep and cap genes, 26 such as HeRC32 cells. 27 When infected with Ad, these so-called packaging cells express both the AAV Rep and Ad helper proteins, allowing replication of the recombinant AAV genomes that have reached the nucleus, which correspond to infectious vector particles. Here we compared two methods based on this principle for the titration of infectious units (IUs) in AAV8 vector lots, which differ in particular by the way VG replication is detected. The TCID 50 uses qPCR as the detection method, and VG replication is calculated by the Spearman-Kärber method. 13, 28 In contrast, the ICA uses whole-cell DNA hybridization to detect cells in which VG replication happened. 14 Another major difference is that infected cells are harvested 72 hr post-infection in the standard TCID 50 assay but only 24 hr post-infection in the ICA currently performed in our laboratory.
The results obtained with the AAV8 control and AAV8RSM vectors indicated that both vectors have similar infectivity when comparing the VG:IU ratio obtained with each method (Table 2; Figure S3A ).
For both vectors, the VG:IU ratio calculated with the TCID 50 titers (4.6 Â 10 2 and 3.5 Â 10 2 ) were 40-to 60-fold lower than those calculated with the ICA titers (2.5 Â 10 4 and 1.5 Â 10 4 ), indicating either that the TCID 50 is more sensitive and can detect infectious particles not detected by the ICA or that it overestimates the infectious titer due to higher background. For the AAV8DVP1 vector, the VG:IU ratio obtained with both assays was higher than controls, confirming an altered infectivity for VP1-defective particles (Table 2; Figure S3A ), but, surprisingly, it was not null. The detection of positive cells in the ICA method was not due to non-specific hybridization of the GFP probe, as shown by the absence of background on non-infected ( Figure S3A ) and AAV8-LacZ-infected cells ( Figure S3B ). We hypothesized that infectious AAV8DVP1 particles could be explained by the relatively high AAV multiplicity used and the presence of Ad, known to be an intracellular carrier for various biological molecules, especially through its endosomolytic activity. 29, 30 Thus, the high Ad multiplicity (500 IUs/cell) used in the TCID 50 and ICA may help non-infectious AAV particles to escape the endosomes and reach the cell nucleus. Importantly, in the case of AAV8DVP1, the difference in the VG:IU ratio calculated with the TCID 50 (2.9 Â 10 3 ) was about 4-log 10 higher compared to that calculated with the ICA (3.1 Â 10 7 ). In addition, the mean of TCID 50 results from 3 independent assays indicated only a 6-fold difference in VG:IU ratio between AAV8 control and AAV8DVP1 vectors (p = 0.1), while the VG:IU ratio calculated by the ICA method resulted in a 1,240-fold difference between AAV8 control and AAV8DVP1, that difference being statistically significant (p = 0.0002).
One additional observation that confirmed the infectivity defect of AAV8DVP1 was the absence of AAV replication in the control ICA performed on HeLa cells co-infected with Ad5 ( Figures S3A  and S4A ). In contrast, some AAV replication was detected with the AAV8 control vector, which was correlated with the presence of infectious rep-positive particles that were clearly detected by probing the ICA membranes with a rep probe ( Figure S4B ). This vector lot was found to contain 8.5 Â 10 3 rep-positive infectious particles per milliliter (i.e., 1 rep-positive into 4 Â 10 4 AAV8-GFP infectious par-ticles). These rep-positive particles are known to be generated during vector production when using three-plasmid transfection with a rep-cap plasmid containing a full-length p5 promoter. 31 Importantly, no replication was detected in HeLa cells with the AAV8RSM (Figure S3A ) and the AAV8 internal control 2 vector ( Figure S4 ), both produced by double transfection using the large helper plasmid pDP8 with the MMTV LTR replacing the p5 promoter. 20, 32 The high background observed with the humanized green fluorescent protein (hGFP) probe on HeLa cells infected with AAV8-GFP IC2 and AAV8-GFP DVP1 vectors was likely due to the very high vector input ( Figure S4A ). The signal observed with the rep probe on HeRC32 cells was due to Ad-induced amplification of the integrated rep-cap sequences ( Figure S4B ).
The discrepancy between TCID 50 and ICA results obtained with the AAV8DVP1 vector may indicate that the current TCID 50 assay indeed leads to a higher background and overestimates vector infectivity compared to ICA. In addition to the sensitivity of the detection method (qPCR versus blotting), this difference could also be explained by the different infection duration used in the assays (i.e., 3 days for the TCID 50 versus 1 day for the ICA), which may allow non-infectious AAV genomes to enter the nucleus during cell divisions. To assess the impact of the incubation time on TCID 50 titers, additional assays were performed using 24-hr incubation, similar to the ICA. The infectious titers obtained with this modified TCID 50 assay were reduced 7-fold and 11-fold for the AAV8 control and AAV8DVP1 vectors, respectively, and they resulted in an increased difference (11-fold versus 6-fold) in VG:IU ratio between both vectors (Table 2) . Thus, by reducing the infection time of the protocol, it is possible to improve accuracy of the TCID 50 assay. Indeed, the VG:IU ratio calculated for the AAV8 control vector using this modified TCID 50 was closer (less than 10-fold higher) to that calculated with the ICA. However, this ratio was still 1,000-fold higher for the AAV8DVP1 vector. To further investigate the differences between the TCID 50 and ICA, additional experiments were conducted using a different AAV serotype, i.e., AAV2. When the TCID 50 was performed with the AAVRSMWG 28 vector and an internal control AAV2 vector (AAV2 IC) following the standard adeno-associated virus reference strain material working group (AAVRSMWG) method, i.e., using 72-hr incubation, the calculated VG:IU ratio was 1.5 and 1.3, respectively (Table S4) , indicating almost 100% infectious particles in both vector lots, which seems rather unlikely and supports the assumption that the standard TCID 50 may overestimate the infectious titer in some cases. Indeed, the VG:IU ratio published by the adeno-associated virus type 2 reference strain materials working group (AAVRSMWG) was 7.5. 28 By reducing the incubation time to 24 hr, the TCID 50 infectious titers were reduced 7.8-and 25-fold for the AAVRSMWG and AAV2 IC vectors, respectively, which resulted in VG:IU ratios of 11.7 and 33.1, respectively. The infectious titers determined by this modified TCID 50 assay were closer to those obtained by the ICA method (Table  S4) , i.e., almost identical for the AAV2 IC vector and only 6.7-fold higher for the AAVRSMWG.
Based on these results and those obtained with the AAV8 control vector, it appears that 24-hr incubation is sufficient to determine consistent infectious titers using both TCID 50 and ICA methods, and it decreases the discrepancy between both assays. In addition, reducing the incubation time is likely decreasing the variability of the TCID 50 , as already shown for the ICA. Indeed, in the original ICA protocol published by our laboratory, 14 the infection time was fixed at 42-44 hr using an Ad5 multiplicity of 50 IUs/cell, but subsequent studies demonstrated that 24-26 hr of infection using a higher Ad5 multiplicity (500 IUs/cell) was sufficient to detect rAAV replication in infected cells. This shorter incubation also resulted in less background signal and more reproducible results, which was correlated with the appearance of Ad-induced cytopathic effect around 36 hr post-infection. Since high Ad5 multiplicity is also used in the TCID 50 and the qPCR-based detection is highly sensitive, the use of 24-hr incubation was considered an improvement for this assay.
Titration of Infectious AAV8 Particles by Transgene Expression Assay
Another biological assay that is commonly used to test infectivity of AAV preparation consists of infection of permissive cells and measuring transgene expression to determine a titer in transducing units (TUs). Similar to the replication assays described above, transduction requires the entry of rAAV vectors into the cells, the translocation of VGs to the nucleus and their conversion in double-stranded DNA, and, in addition, transcription of the transgene. The readout is the detection of the transgene-encoded protein.
To analyze GFP transgene expression from AAV8 and AAV8DVP1 vectors, we used HeLa cells because they have similar permissiveness compared with HeRC32 cells, thus allowing comparison of infectious titers obtained by the TU, TCID 50 , and ICA methods. HeLa cells were infected with controlled AAV multiplicities in the presence or absence of Ad (Addl324) at 50 IUs/cell. Analysis of GFP expression by fluorescence-activated cell sorting (FACS) showed a defect in infectivity for the AAV8DVP1 vector (p = 0.0782), and the amount of GFP-positive cells was found above background only at the higher AAV multiplicity (Figure 3) . In contrast, a significant amount of GFP-positive cells was found with AAV8 compared to AAV8DVP1, in particular at MOIs greater than or equal to 5 Â 10 4 VG/cell. Transgene expression was enhanced by Ad transduction, by promoting most likely second-strand DNA synthesis 33 and possibly endosomal escape of AAV as discussed above. According to infectious titers calculated by FACS analysis, the difference in VG:IU ratio between AAV8 and AAV8DVP1 vectors was 3-log without Ad and 2.3-log when Addl324 was added, which were consistent with the results obtained using the ICA method.
Evaluation of Sample Preparation Methods for the Isolation of Intracellular AAV VGs
In an attempt to develop a new, more sensitive and accurate assay, we evaluated the possibility to quantify infectious AAV particles through a qPCR-based detection method of intracellular or intranuclear VGs. Indeed, such a procedure would be of interest for vector serotypes that do not infect HeLa rep-cap cells, such as HeRC32, and it would be virtually adaptable to any type of permissive cells. In addition, the procedure would not require Ad co-infection to avoid possible bias caused by Ad-induced endosome disruption. To this end, we tested several protocols to isolate vector DNA from AAV8-infected cells.
For the development of the so-called infectious genome (IG) assay, we used HeLa cells to allow comparison of titers with the other methods. Cells were seeded in 12-well plates, infected (or not) for 16 hr with different MOIs (2,000 or 10,000 VG/cell) of AAV8 control or AAV8DVP1 vectors, and harvested by trypsin-EDTA treatment. Next, we tested four sample preparation procedures prior to DNA isolation. After washing with PBS, harvested cells were kept intact and washed again with PBS to remove extracellular AAV particles (procedure 1), or they were submitted to cytoplasm/nucleus fractionation (procedures 2, 3, and 4). Fractionation was performed in order to remove cytoplasmic AAV particles and to isolate the VGs of infectious particles from the nucleus. To achieve this, three different protocols were tested and compared. The first one (procedure 2) used cell lysis and nuclei-stabilizing solutions, allowing the preparation of a single-cell nuclei suspension for cell counting and viability analysis (http://shop.chemometec.com/product/reagent-a100-500-ml/). The second one (procedure 3) is based on a commercial cell fractionation kit (NE-PER Nuclear and Cytoplasmic Extraction, Thermo Scientific) that has been already used for the analysis of AAV2 intracellular trafficking in a recent study. 34 The last one (procedure 4) was adapted from a protocol that was used for the analysis of the subcellular localization of factors of the RNAi pathway. 35 All procedures are described in detail in the Materials and Methods.
The purity of both cytoplasmic and nuclear fractions was controlled by western blot using antibodies against proteins localized exclusively in the cytosol (a-tubulin), the mitochondrion (ATP-synthase b subunit), or the nucleus (lamin B). Since protein samples were precipitated with acetone to get equal sample volumes prior to SDS-PAGE, purified His-tagged Rep68 protein was added as a loading control. The signal obtained with the spiked Rep68 protein was equivalent in all lanes, showing that protein precipitation by acetone was equally efficient for all samples ( Figure 4A ). Results with procedure 2 showed that fractionation was not efficient, since the cytoplasmic (lane 3) and nuclear (lane 7) fractions both contained the 3 indicator proteins, similar to whole-cell lysate prepared by procedure 1 (lane 8). Both procedures 3 and 4 resulted in apparent pure cytoplasmic fractions in which lamin B was not detected (lanes 1 and 2) , but a pure nuclear fraction was obtained only with procedure 4 (lane 6), showing no a-tubulin signal and no detection of ATP-synthase. Indeed, a weak but clear a-tubulin signal was detected in the nuclear fraction obtained with procedure 3 (lane 5).
Since detection of intracellular VG is based on a DNA method and not a protein method, we decided also to control cell fractionating by qPCR. To this end, cytoplasmic and nuclear fractions as well as whole-cell samples were analyzed with albumin and cytochrome B primers, as markers of nuclear genomic DNA (gDNA) and cytoplasmic mitochondrial DNA (mtDNA), respectively. The qPCR analysis showed similar results for procedures 2 and 4 ( Figure 4B ), for which nuclear fractions were enriched in gDNA but still contained mtDNA. Although this contaminating mtDNA was less than 0.5% of the total mtDNA detected in control cells, it still represented more than 10 6 copies per sample. Similarly, more than 10 4 copies of gDNA were detected in the cytoplasmic fractions from both procedures, representing around 1.5% of total gDNA detected in control cells. Regarding procedure 3, the distribution of gDNA and mtDNA in the nuclear and cytoplasmic fractions was very similar, but the copy numbers in both fractions were lower for both albumin and cytochrome B compared to the other methods. In particular, albumin copy number in the nuclear fraction represented only 16.5% of that detected in control cells, which may reflect a problem of DNA recovery when using the NE-PER kit that is primarily intended to extract proteins. Strikingly, the amount of mtDNA was higher in the nuclear fractions than in the cytoplasmic fractions for all three fractionation procedures, demonstrating that nuclei are not efficiently separated from cytoplasmic organelles. The results obtained by qPCR were in contradiction with western blot analyses that showed efficient nuclei isolation when using procedure 4, maybe due to the higher sensitivity of the qPCR compared to immunoblotting. Although the method published by Gagnon et al. 35 (procedure 4) appeared as the most efficient in terms of purity of the subcellular fractions, our results showed that none of the cell fractionation methods tested can completely separate nuclei from cytoplasmic components.
Titration of AAV8 Particles in Cellular Fractions by qPCR
DNA samples prepared by the four different procedures were also analyzed using a qPCR assay targeting the SV40 poly(A) sequence for quantification of intracellular, cytoplasmic, and intranuclear AAV VGs. The qPCR results obtained with different MOIs were normalized to an input of 1,000 VG/cell ( Figure 5 ) to facilitate comparison. Interestingly, the amount of intracellular VGs was higher with AAV8DVP1 compared to AAV8 (p = 0.015), showing that washing the cells with PBS does not remove defective particles lacking VP1. Nonetheless, it is known that AAV interaction with cellular receptors and cell entry do not depend on the presence of VP1. 19 A more striking observation was the higher amounts of VGs detected in the nuclear fractions with AAV8DVP1 compared to AAV8 (p = 0.011), which is consistent with the confocal microscopy results showing perinuclear accumulation of VP1-defective particles (Figure 2 ) and the inefficient separation of nuclei ( Figure 4B ). Finally, similar results were observed in the cytoplasmic fractions (p = 0.047), suggesting that VP1 defect resulted in an overall increase of intracellular VGs at 16 hr post-infection. One possible explanation could be that AAV8 particles undergo a pH-induced conformational change during trafficking through the late endosome, 36, 37 leading in particular to the externalization of VP1 N-terminal domain and capsid destabilization, 38 which may increase their sensitivity to proteolytic degradation. In the absence of VP1, the effect of low pH on capsid stability may be less significant, leading to an increased intracellular persistence of VP1defective particles.
Infectious titers of AAV were calculated using the values obtained for intracellular (procedure 1) or intranuclear (procedures 2-4) VGs ( Table  2 ). The formula used for titer calculation considered both the number of cells at infection and the amount of gDNA (based on the albumin gene copy number) in order to normalize the VG copy values to the efficiency of nuclear DNA recovery. The infectious titer for the AAV8 control was in the same range as those obtained with the standard methods, TCID 50 and ICA (Table 2 ). However, lower VG:IU ratios were consistently obtained with the AAV8DVP1 vector with all four sample preparation procedures, wrongly indicating a higher infectivity for AAV8DVP1. This result is in conflict with the VG:IU ratio calculated using the TCID 50 , ICA, and TU methods, and it does not reflect the current knowledge of VP1 function, recognized as critical for AAV transduction. In summary, none of these methods was able to discriminate between a fully functional (i.e., infectious) AAV8 vector and a non-infectious counterpart lacking the VP1 capsid protein.
DISCUSSION
The aim of the present study was to compare different methods for the titration of infectious AAV vector particles and to evaluate their ability to accurately discriminate infectious and non-infectious vectors. The study was focused on AAV serotype 8 vectors, a capsid serotype that allows highly efficient gene transfer in vivo in different tissues and animal models 39 and has been used successfully in clinical trials. 5 In addition, a fully characterized reference standard material (AAV8RSM) is available to the community for this serotype. 20 To challenge the titration methods, we have generated an AAV8 vector lacking the large capsid protein VP1, known to be essential for AAV endosomal escape and nuclear translocation following cell entry. 17, 19 In particular, virus infectivity is largely dependent on the phospholipase A2 17 and basic domains 18 located in the VP1 N terminus sequence. To our knowledge, this is the first time that such a VP1 negative control is used in infectious titer assays.
To discriminate the infectivity of the AAV particles depending on the VP1 content is currently of high importance, because it has been shown that the baculovirus and insect cell system in particular could generate rAAV with variable VP1 content, depending on the cap sequence design. [40] [41] [42] Moreover, during gene therapy drug development phases, a change in the upstream or downstream manufacturing process may be required to be more amenable to commercial scale. In this case, it will be mandatory to conduct equivalence studies, and then accurate characterization of the infectivity of the rAAV products will be critical for regulatory approval.
Here we show that AAV8 nuclear targeting following cell entry is clearly altered in the absence of VP1, as shown by immunofluorescence analysis of intracellular trafficking of AAV8DVP1 particles. In the same line, the ICA titration method showed that AAV8DVP1 was 1,000-fold less infectious than AAV8 and was consistent with the almost absence of GFP transgene expression. In contrast, by using the TCID 50 titration method, the difference in infectivity (VG:IU ratio) between AAV8 and AAV8DVP1 was only 6-fold, suggesting that partial loss of infectivity of an AAV8 lot might be more difficult to detect by TCID 50 compared to the ICA method. Thus, the ICA appears as a more discriminating method to distinguish between an infectious and a non-infectious AAV8 vector, and it is applicable independently of the transgene cassette, in contrast to transgene expression assays (not suitable for, e.g., coding sequences controlled by tissue-specific promoters and non-coding sequences such as small hairpin RNA [shRNA]). We acknowledge that there could be differences between serotypes, and, thus, it would be interesting to implement a similar method evaluation using VP1-defective control vectors for other AAV serotypes.
It is worth mentioning that the TCID 50 method was originally developed with AAV2, a serotype that is much more infectious than AAV8 on cultured cell lines. 43 Indeed, standard TCID 50 assays performed using the AAVRSMWG and an internal AAV2 vector resulted in a VG:IU ratio close to 1, whereas this ratio was between 350 and 460 for AAV8RSM and AAV8 control vectors. Hence, some adjustments of the TCID 50 method could be implemented to improve the accuracy of the method for AAV8 or other serotypes with low infectivity in vitro. We investigated, among the possible adjustments, a reduction of the infection time to 24 hr (instead of 72 hr in the standard method). This modification resulted in an almost 2-fold increased difference in infectivity (VG:IU ratio) between AAV8 and AAV8DVP1 (i.e., 11-fold versus 6-fold), and, thus, it could be considered as an improvement of the method. Reducing the incubation time in the TCID 50 assay also resulted in about 10-fold lower infectious titers for both AAV8 and AAV2 vectors, thus mitigating the discrepancy between the TCID 50 and ICA methods. However, the infection-defective AAV8DVP1 vector was still found to be 1,000-fold more infectious with the modified TCID 50 compared to the ICA.
On the other hand, we found that none of the four physicochemical methods tested to fraction cytoplasm versus nuclei was selective enough to specifically detect AAV8 infectious genomes by qPCR. Nonetheless, cell fractionation could be suitable for AAV serotypes with high infectivity in vitro, as shown by Salganik et al. 34 using AAV2 on HeLa cells. Indeed, the authors were able to distinguish VG distribution of wild-type and different capsid mutants using the NE-PER kit for cell fractionation (similar to procedure 3 in this study) and qPCR. Since none of the cell fractionation methods tested here was suitable for AAV8, further evaluation of these methods using AAV2 was not considered. Moreover, we did not include cell fractionation methods based on ultracentrifugation in sucrose gradient to separate cell compartments, 18, 19 since they were considered very difficult to implement in quality control laboratories following good laboratory practices (GLPs), in particular because (1) they are laborious, (2) they need ultracentrifugation equipment, (3) they require large amounts of cells (and thus large amounts of vector preparation), and (4) they would be difficult to standardize.
In conclusion, our data demonstrate that transgene expression and ICA were the most sensitive methods to detect changes in infectivity of AAV8 stocks. Moreover, lessons learned during the development of cell-fractioning protocols were key to understanding the limitations of current tools (e.g., cell lines) and the need for developing more accurate protocols. This study also highlights the importance of including suitable positive and negative controls for the evaluation of analytical methods, and it suggests implementing VP1-defective reference vectors as negative controls for the validation of AAV infectivity assays.
MATERIALS AND METHODS
Cell Lines
HEK293, HeLa, and HeRC32 (ATCC CRL-2972) cells were maintained in DMEM (Sigma-Aldrich, Saint-Quentin Fallavier, France) supplemented with 10% fetal bovine serum (FBS) (HyClone-GE Healthcare, Logan, UT, USA) and 1% pencillin-streptomycin (Thermo Scientific, Illkirch, France). Cell infections were performed in DMEM with 2% FBS. Figure S1 ). 44 pAAV-cytomegalovirus (CMV)-nlsLacZ contains a recombinant AAV2 genome of 4.7 kb, with a 0.3-kb human CMV immediate early promoter, an alcohol dehydrogenase and beta-galactosidase fusion protein-coding sequence, and a bGH polyA signal cloned between the XbaI sites of AAV2 plasmid pSub201. 45 Plasmid pKO-R2C8 contains the AAV2 rep gene from pSub201 and the AAV8 cap gene from p5E18-VD2/8. 46 Plasmid pKO-R2C8DVP1 was generated by a QuickChange Site-Directed Mutagenesis modified protocol. Briefly, pKO-R2C8 DNA was amplified using KOD DNA polymerase (Merck Millipore, Molsheim, France) with two complementary primers, which introduce a TGA stop codon in place of the ATG initiation codon of VP1. Amplification reactions were digested with DpnI (New England Biolabs, Evry, France) and transformed into E. coli DH5a-competent cells (Life Technologies, Illkirch, France). Primers used for mutagenesis were DELVP1FOR (5 0 -GAACAATAAATGATTTAAA TCAGGTTGACCTGCCGATGGTTATCTTCCAGATTGG-3 0 ) and DELVP1REV (5 0 -CCAATCTGGAAGATAACCATCGGCAGGTCAAC CTGATTTAAATCATTTATTGTTC-3 0 ), with the 4 mutated bases shown in bold (underlined is a HincII restriction site created by the mutation). Rep and cap genes in pKO-R2C8DVP1 were verified by sequencing.
pAdDF6 helper plasmid, which contains E2A, VA RNA, and E4 Ad helper functions, was obtained from the Penn Vector Core (Philadelphia, PA, USA).
pDP8-KanR plasmid contains the same elements as pDP8 used for manufacturing of the rAAV8RSM (i.e., E2A, VA RNA, and E4 Ad helper functions, as well as AAV2 rep and AAV8 cap sequences), except ampicillin resistance that was replaced by kanamycin for amplification in E. coli. pCQAAV1 plasmid is a derivative of pSub201 containing all qPCR target sequences used in this study, i.e., human albumin gene, human cytochrome B gene, SV40, and bGH polyA signals.
Antibodies for Western Blot and Confocal Microscopy
Mouse monoclonal antibodies that recognized assembled AAV8 capsid (ADK8), AAV capsid proteins (B1), and AAV Rep proteins (303.9) were kindly provided by Dr. J.A. Kleinschmidt (DKFZ, Heidelberg, Germany). Goat polyclonal antibody detecting lamin B (C-20) was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Mouse monoclonal antibody to ATP-Synthase b subunit (3D5AB1) and goat anti-mouse Alexa Fluor 555 secondary antibody were from Life Technologies. Mouse monoclonal antibody to a-tubulin (B-5-1-2) was from Sigma-Aldrich. Goat anti-mousehorseradish peroxidase (HRP) and rabbit anti-goat-HRP secondary antibodies were from Dako (Agilent Technologies, Santa Clara, CA, USA).
AAV8 Vector Preparations
AAV8 vectors were manufactured as described for the rAAV8RSM. 20 Briefly, HEK293 cells in CS5 were transfected with two or three plasmids by the calcium phosphate precipitation method, and AAV8 particles in the culture supernatant were polyethylene glycol (PEG)-precipitated, then purified by double CsCl density gradient ultracentrifugation, and finally formulated in 1Â DPBS containing Ca 2+ and Mg 2+ through dialysis in Slide-A-Lyzer 10K cassettes (Thermo Scientific, Illkirch, France). AAV8 internal control vectors (IC1 and IC2), used as quality control standards in our laboratory, were produced by co-transfection of pTR-UF11 vector plasmid and pDP8-KanR helper plasmid. AAV8 control and AAV8DVP1 vectors were produced by co-transfection of pTR-UF11, pAdDF6 helper plasmid, and either pKO-R2C8 or pKO-R2C8DVP1 plasmid. AAV8 reference standard material (rAAV8RSM, ATCC VR-1816) was used as an additional control.
VG Titration by qPCR
Purified AAV vectors (3 mL) were treated with 4 U DNase I (Sigma-Aldrich) in DNase buffer (13 mM Tris [pH 7.5], 0.12 mM CaCl 2 , and 5 mM MgCl 2 ) for 45 min at 37 C. Then, DNase I-resistant nucleic acids were purified by the NucleoSpin RNA Virus kit (Macherey-Nagel, Hoerdt, France), and VGs were quantified by TaqMan qPCR in Premix Ex Taq probe qPCR master mix (TaKaRa Bio, Saint-Germain-en-Laye, France). Primers were targeted to either the SV40 or the bGH polyA signal (Table S1 ). Standard curves were obtained using 10 2 -10 8 copies pTR-UF11 plasmid linearized with ScaI (New England Biolabs, Evry, France). VG titers were calculated from at least 3 independent titrations, and mean values are reported in Table 1 .
AAV8 Capsid Titration by ELISA
Titration of AAV8 assembled caspids by ELISA was performed as described for the rAAV8RSM using the Progen AAV8 Capsid ELISA Kit (PROGEN Biotechnik, Heidelberg, Germany), following the manufacturer's instructions, also available on the ATCC website (https://www.lgcstandards-atcc.org/$/media/AAV8_Information/ AAV8%20RSM%20Infectious%20titer%20assay.ashx).
SDS-PAGE and Western Blot Analysis of AAV Vector Preparations
For SDS-PAGE analysis of rAAV preparations, vectors were denatured for 5 min at 95 C in Laemmli buffer and loaded on 10% Tris-Glycine polyacrylamide gels (Life Technologies). Precision Plus Protein All Blue Standards (Bio-Rad, Marnes-la-Coquette, France) was used as a molecular weight marker. Following electrophoresis, gels were either submitted to Coomassie blue staining (Imperial Protein staining, Thermo Fisher Scientific) or transferred on nitrocellulose membranes for western blot analysis. Membranes were probed with monoclonal antibody B1, which recognizes all three AAV capsid proteins. The amounts of VGs loaded on the gel were 1.5 Â 10 11 and 1.5-3.0 Â 10 9 for Coomassie blue staining and western blotting, respectively.
For the determination of vector purity, Coomassie blue-stained gels images were analyzed with Gene Tools software (Syngene, Cambridge, UK) to determine signal intensity of each protein band. Purity was then calculated as the relative amount of VP1, VP2, and VP3 proteins over the total amount of proteins present in the sample, all extrabands being integrated as non-expected contaminant proteins.
Fluorescence Microscopy Analysis
HeLa cells were seeded in 8-well m-Slide ibiTreat chambers (Biovalley, Nanterre, France) at 2 Â 10 5 (for 1-or 5-hr infections) or 8 Â 10 4 (for 16-hr infection) cells/well. The day after, cells were infected or not with the rAAV vectors at a multiplicity of 20,000 VG/cell in duplicate. After 1, 5, or 16 hr, cells were washed in PBS, fixed with 4% paraformaldehyde in PBS, and permeabilized with 0.2% Triton X-100 in PBS. Permeabilized cells were blocked with PBS containing 10% goat serum (Sigma-Aldrich), incubated with ADK8 antibody (undiluted hybridoma culture supernatant) recognizing AAV8 intact capsid, 21, 47 and washed with PBS. Cells were then incubated with anti-mouse Alexa Fluor 555 secondary antibody (1:200 in PBS), washed with PBS, and incubated with DraQ5 (1:1,000 in PBS) for nuclei staining (Interchim, Montluçon, France). Slides were finally mounted with Prolong Gold antifade reagent (Life Technologies). Images were captured on a Nikon A1 confocal microscope (Nikon Instruments, Amsterdam, Netherlands), and quantification of AAV8 particles according to their localization was then performed using the compartmentalization task of Volocity software (PerkinElmer, Courtaboeuf, France). Images were processed with ImageJ software (https://imagej.nih.gov/ij/) for picture presentation.
Infectious AAV8 Particle Titration by the TCID 50 Assay
Titration of infectious AAV8 particles by qPCR was performed following the procedure for the rAAV8RSM infectious titer of the Adeno-Associated Virus Reference Standard Working Group, available on the ATCC website (https://www.lgcstandards-atcc. org/$/media/AAV8_Information/AAV8%20RSM%20Infectious%20 titer%20assay.ashx). A modified assay was also tested where analysis was performed at 24 hr post-infection (instead of 72 hr in the standard procedure). For titration of AAV8 control and AAV8DVP1, the vector preparations were diluted in 1Â DPBS to get a VG titer approaching that of the AAV8RSM, in order to perform serial dilutions exactly the same way. TCID 50 titers were calculated from two independent assays.
Infectious AAV Particle Titration by the ICA
ICAs were performed as previously described, 14 except incubation time and Ad concentration were modified. Briefly, HeRC32 cells were seeded in 48-well plates at 7.0 Â 10 4 cells/well, and they were infected the next day with duplicate 10-fold dilutions of the AAV vector preparations, in the presence of wild-type Ad5 at a multiplicity of 500 IUs per cell. Negative controls were HeRC32 cells without Ad5 and HeLa cells with Ad5, both infected with the AAV vectors. Cells were harvested 24-26 hr post-infection and filtered through Zeta-Probe nylon membranes (Bio-Rad) using a vacuum device. Membrane filters were hybridized overnight at 65 C with vector-specific probes generated with the PCR Fluorescein Labeling Mix (Sigma-Aldrich), and detection was performed using the CDP-Star readyto-use labeling kit (Sigma-Aldrich). Titers were determined by counting dots (i.e., AAV-infected cells) on membrane autoradiography, which was done blind by two independent operators. ICA titers were calculated from two independent assays.
GFP Expression by Flow Cytometry
HeLa cells were seeded in 24-well plates at 1.0 Â 10 5 cells/well, and they were infected the next day with AAV vectors at different MOIs in triplicates, in the presence or absence of Addl324 virus 48 at a multiplicity of 50 infectious particles per cell. Cells were harvested 48 hr post-infection, fixed with 4% paraformaldehyde in PBS, and resuspended in FACS buffer (1Â PBS, 0.5% BSA, and 2 mM EDTA). Analysis of GFP expression was performed on 30,000-31,000 cells from each well in a LSRII cell analyzer instrument (Becton Dickinson, Le Pont de Claix, France).
The TU titer was calculated using the following formula:
where N GFP is the mean number of GFP-positive cells (% GFP-positive cells Â total number of cells) per well minus background (% GFPpositive cells Â total number of cells in non-infected wells), and V is the volume of vector used to infect cells in microliters.
Cell Processing for the Quantification of Intracellular AAV Genomes
HeLa cells were seeded in 12-well plates at 3.5 Â 10 5 cells/well. The day after, cells (4-7 Â 10 5 per well) were infected or not with the rAAV vectors at a multiplicity of 2,000 or 10,000 VG/cell in duplicate. At 16 hr post-infection, cells were washed with PBS, detached with Trypsin-EDTA (Sigma-Aldrich), and pelleted at 2,000 Â g at 4 C, then washed again with 500 mL PBS and pelleted at 2,000 Â g at 4 C. Cells were then either left unfractionated (procedure 1) or fractionated into nuclear and cytoplasmic fractions (procedures 2, 3, and 4) as described below, all centrifugation steps being performed at 4 C.
Procedure 1
Cell pellets were resuspended by repeated pipetting in 800 mL PBS, then cells were pelleted at 200 Â g for 5 min and 700 mL supernatant was discarded.
Procedure 2
Cell pellets were resuspended by repeated pipetting in 400 mL Lysis Buffer (Reagent A100, Chemometec, Villeneuve-Loubet, France) before the addition of 400 mL Stabilizing Buffer (Reagent B, Chemometec). After centrifugation at 200 Â g for 5 min, 700 mL supernatant was collected as the cytoplasmic fractions and the remaining 100 mL was kept as the nuclear fractions.
Procedure 3
This protocol makes use of the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific). Cells were resuspended in 100 mL ice-cold CER I solution by vortexing and incubated on ice for 10 min, then 5.5 mL CER II solution was added and samples were mixed by vortexing and left on ice for 1 min. The nuclear fractions were pelleted at 16,000 Â g for 5 min and resuspended in 100 mL PBS, and the supernatants were collected as the cytoplasmic fractions. Procedure 4 This protocol was described by Gagnon et al. 35 Briefly, cell pellets were resuspended by repeated pipetting in 380 mL ice-cold hypotonic lysis buffer (HLB), containing 10 mM Tris (pH 7.5), 10 mM NaCl, 3 mM MgCl 2 , 0.3% (v:v) NP-40, and 10% (v:v) glycerol, and incubated 10 min on ice. After brief vortexing, nuclear fractions were pelleted at 1,000 Â g for 3 min, and supernatants were collected as the cytoplasmic fractions. Nuclear pellets were then washed 3 times using 1 mL ice-cold HLB and centrifugation at 200 Â g for 2 min, and nuclei were kept in 100 mL HLB after the last wash.
Analysis of Cellular Fractions and Quantification of Intracellular AAV Genomes by qPCR
For whole-cell (procedure 1) and nuclear fraction samples (procedures 2, 3, and 4), DNA was extracted and purified using the Gentra Puregene Blood kit (QIAGEN, Courtaboeuf, France), following the protocol for body fluids with proteinase K digestion, adapted to the different sample volumes. DNA pellets were resuspended in a final volume of 50 mL. DNA concentrations were measured by OD 260 and adjusted to 20 ng/mL. For cytoplasmic fraction samples, DNA was extracted using the High Pure Viral Nucleic Acid kit (Roche, Meylan, France). TaqMan qPCR was performed using 5 mL sample DNA, in Premix Ex Taq 2X RT-PCR reagent (TaKaRa Bio) with primers targeted to the following: (1) the SV40 polyA signal for quantification of rAAV genomes, (2) the human albumin gene for quantification of cellular genomic (nuclear) DNA, and (3) the human cytochrome B gene for quantification of cellular mitochondrion (cytoplasmic) DNA (Table S1 ). Standard curves were obtained using 10 2 -10 8 copies of ClaI-linearized pCQAAV1 plasmid.
IG titers were calculated from whole cell (procedure 1) and nuclear fraction samples (procedures 2, 3, and 4) using the following formula:
where N vector is the SV40 copy number per sample, N Alb is the albumin gene copy number per sample, V is the volume of vector used to infect cells in microliters, and n is the number of cells at the time of infection. The first multiplication factor of 2 is because there are two albumin gene copies per cell genome. The second multiplication factor of 2 is because AAV genome is single stranded and plasmid used for the standard curve is double stranded.
Analysis of Cellular Fractions by Western Blot
For western blot analysis, we used a procedure allowing efficient recovery of proteins from all samples, i.e., whole cells or subcellular fractions. To this end, for all samples prepared by procedures 1-4, protease inhibitors (Complete Protease Inhibitor Cocktail, Roche) were added and samples underwent 3 freeze/thaw cycles to disrupt membranes. Purified His-tagged Rep68 protein (500 ng) 30 was then spiked in each sample, before the addition of 4 sample volumes of ice-cold acetone and overnight precipitation at À20 C. Proteins were then pelleted at 16,000 Â g for 15 min at 4 C and resuspended in 150 mL of 1Â Laemmli buffer. SDS-PAGE was conducted using 25 mL of each protein sample, which was denatured at 95 C for 5 min before loading on 10% Tris-glycine gels (Life Technologies). Gels were transferred on nitrocellulose membranes and probed with antibody against lamin B, a-tubulin, ATP-synthase, or Rep proteins. Membranes were then incubated with HRP-conjugated secondary antibodies followed by chemiluminescence detection with ECL substrate (Thermo Scientific).
Statistical Analysis
Data are presented as mean ± SD. Statistical analyses were performed using PRISM 5 software (GraphPad). Differences between AAV8 control and AAV8DVP1 were assessed by Mann-Whitney tests. The p values lower than 0.05 were considered statistically significant. 
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